Abstract: Lanthanoid-based optical probes with excitation wavelengths in the ultra-violet (UV) range (300-325 nm) have been widely developed as imaging probes. Efficient cellular imaging requires that lanthanoid optical probes be excited at visible wavelengths, to avoid UV damage to cells. The efficacy of europium-catalyzed single-walled carbon nanotubes (Eu-SWCNTs), as visible nanoprobes for cellular imaging, is reported in this study. Confocal fluorescence microscopy images of breast cancer cells (SK-BR-3 and MCF-7) and normal cells (NIH 3T3), treated with Eu-SWCNT at 0.2 µg/mL concentration, showed bright red luminescence after excitation at 365 nm and 458 nm wavelengths. Cell viability analysis showed no cytotoxic effects after the incubation of cells with Eu-SWCNTs at this concentration. Eu-SWCNT uptake is via the endocytosis mechanism. Labeling efficiency, defined as the percentage of incubated cells that uptake Eu-SWCNT, was 95%-100% for all cell types. The average cellular uptake concentration was 6.68 ng Eu per cell. Intracellular localization was further corroborated by transmission electron microscopy and Raman microscopy. The results indicate that Eu-SWCNT shows potential as a novel cellular imaging probe, wherein SWCNT sensitizes Eu 3+ ions to allow excitation at visible wavelengths, and stable time-resolved red emission. The ability to functionalize biomolecules on the exterior surface of Eu-SWCNT makes it an excellent candidate for targeted cellular imaging.
Introduction
Lanthanoid trivalent ion-(Ln III ) based luminescence agents show tremendous potential as optical probes for various analytical and biomedical applications.
1,2 They offer several advantages over organic dyes and semiconductor quantum dots, due to their high quantum yield, large Stokes shift, and narrow emission peaks. 3 Despite these attractive features, only a few lanthanoid optical probes have been investigated for cellular imaging. [4] [5] [6] [7] [8] One of the main limitations to investigation is that most lanthanoid luminescent bioprobes have peak absorption at around 300-325 nm, and excitation wavelengths in the ultraviolet (UV) range. 4 Thus, for cellular imaging, chemical moieties need to be designed that not only meet stringent requirements (such as efficient sensitization of lanthanoid ions and minimization of nonradiative losses), but also achieve shifting of the excitation wavelength into the visible range. europium (Eu)-catalyzed single-walled carbon nanotubes have been reported. The results demonstrate that Eu 3+ ions are sensitized at a visible wavelength of $365 nm, by the intrinsic excitonic property of SWCNTs, to emit red luminescence. In this paper, we report the efficacy of Eu-SWCNT as an optical nanoprobe for cellular imaging.
Materials and methods

Preparation of Eu-SWCNT solutions
The synthesis of Eu-SWCNT was carried out using chemical vapor deposition, as reported previously. 10 After synthesis, the silicon wafer on which Eu-SWCNTs were grown was suspended in 15 mL of deionized water in a 50 mL centrifuge tube. The samples were sonicated for 30 minutes at 30 W to release Eu-SWCNT, along with any free Eu nanoparticles, into deionized water. The silicon wafer was then removed, and the vials were centrifuged at 15,000 g for 30 minutes. The supernatant, containing hydrophilic free Eu nanoparticles, was discarded, and the pellet containing Eu-SWCNT collected. This process of batch sonication, followed by centrifugation, was repeated twice, to ensure the removal of free nanoparticles. The pellet containing hydrophobic Eu-SWCNT aggregates was suspended in 5 mL of 1% (w/v) pluronic F127 solution (Sigma-Aldrich, St, Louis, MO), and probe-sonicated (Cole-Palmer, Vernon Hills, IL) at 300 W for 10 minutes. The samples were then centrifuged at 15,000 g for 30 minutes, and the supernatant, containing highly-dispersed Eu-SWCNTs, was collected for photophysical and in vitro studies. The concentration of this solution was 10 µg/mL.
Spectral studies
Steady-state photoluminescence emission measurements of Eu-SWCNT in 1% pluronic F127 solution, and in control samples, were recorded using a Fluorolog ® spectrofluorometer (Horiba Jobin Yvon, Edison, NJ), with a xenon lamp as the excitation source.
Cell culture and viability assay
Three different cell lines were used in this study, obtained from ATCC (Manassas, VA): Sloan-Kettering breast cancer cells (SK-BR-3; catalog HTB-30); Michigan Cancer Foundation breast cancer cells (MCF-7, catalog HTB-22); and mouse fibroblast cells (NIH 3T3, catalog CRL-1658). The SK-BR-3 cells were grown in McCoy's 5A medium, the MCF-7 breast cancer cells in RPMI medium, and the NIH 3T3 mouse fibroblasts in DMEM medium. All media were obtained from Life Technologies (Grand Island, NY), and were supplemented with 2 mM/L-glutamine, 100 IU/mL penicillin, 100 µg/mL streptomycin (Life Technologies), and 10% heat-inactivated fetal bovine serum (FBS; HyClone, Thermo Scientific, Milan, Italy). Cells were maintained at 37°C in a saturated-humidity incubator, containing a 95% air to 5% carbon dioxide mix. For the cell proliferation assay, 1 × 10 4 cells/mL were cultured overnight in 96-well plates. Later, the culture medium was replaced with fresh medium and treated with 0.2 µg/mL of Eu-SWCNT for 12, 24, and 48 hours. To determine the effect of Eu-SWCNT on cell viability, the WST-1 [tetrazolium salt 2-(4-iodophenyl)-3-(4-nitophenyl)-5-(2,4-disulfophenyl)-2H-tetrazoilium] cell proliferation assay was performed, according to the manufacturer's protocol. The culture medium was replaced with 100 µL of medium containing 10 µL of WST-1 solution, incubated for 2 hours in standard conditions, and the absorbance was then measured (EL800™, Biotek ® , Winooski, VA) at a wavelength of 450 nm, with background subtraction at 650 nm. The absorbance measured at 450 nm is the peak wavelength for formazan crystals formed from WST dye by cellular mitochondrial dehydrogenase. The turbid background (cells and media) also absorbs at 450 nm. However, only the background absorbs at 650 nm. Thus, the absorbance at 650 nm is obtained as a reference, and subtracted from the absorbance at 450 nm, to eliminate the background.
Cellular uptake mechanism
Extracellular materials are internalized into cellular cytoplasm through two different uptake pathways: energy-independent (passive diffusion), and energy-dependent (endocytosis). [12] [13] [14] Endocytosis can be blocked, either by maintaining the cells at 4°C or by depleting ATP synthesis using sodium azide (NaN 3 ). To investigate the cellular uptake mechanism for Eu-SWCNT, cells were treated as follows.
Incubation of cells at low temperature
The breast cancer and non-breast cancer cells, cultured in standard culture conditions (10% FBS; 1% penicillinstreptomycin; 37°C; 5% CO 2 ) were treated with Eu-SWCNT, and immediately maintained at 4°C for 1 hour.
Incubation of cells under ATP depletion
For the ATP depletion experiments, cells were pre-incubated with 10 mM sodium azide (NaN 3 ) and 50 mM 2-deoxy-Dglucose for 30 minutes at 37°C, followed by incubation with Eu-SWCNT. At the end of each experiment, cells were washed three times with phosphate buffered saline (PBS), then fixed for 30 minutes with ice-cold methanol.
Confocal microscopy
The SK-BR-3, MCF-7, and NIH 3T3 cells were grown in four-chambered glass slides, as a monolayer culture, in their respective media, supplemented with 10% FBS (v/v), under humid conditions (5% CO 2 ), and at 37°C; 1 × 10 4 cells/mL were cultured overnight in two-well glass chambered slides. Cells were treated with Eu-SWCNT at various temperatures, as described above, fixed with ice-cold methanol for 30 minutes, then washed three times with PBS. Cover slips were mounted onto glass slides using 4',6-diamidino-2-phenylindole (DAPI; Vector Labs, Burlingame, CA) for nuclear staining.
Confocal fluorescence microscopy for Eu-SWNT was carried out using the LSM 510 Meta confocal microscope (Carl Zeiss, Oberkochen, Germany) in the visible excitation wavelengths (excitation wavelengths = 365 nm or 458 nm). DAPI nuclear staining analysis was performed using a Chameleon XR two-photon laser system (Coherent, Santa Clara, CA; excitation wavelengths = ∼800 nm). The images were acquired using Plan Apochromatic 40 × 1.3 oil immersion objectives. The fluorescence emissions were collected using a 560 nm long pass filter, to transmit only Eu-SWCNT emissions above 560 nm. Fluorescence emission for the DAPI-stained cells was collected using a 385-470 nm band-pass filter.
Transmission Electron Microscopy (TEM)
Cells were grown on ACLAR ® film (Honeywell, Morristown, NJ), and exposed to Eu-SWCNT for different time periods. At the end of each time period, cells were fixed in 2.5% electron microscopy (EM) grade glutaraldehyde, in 0.1 M PBS. They were then processed, without staining, using standard EM techniques. After fixation, samples were briefly placed in 2% osmium tetroxide in 0.1 M PBS, dehydrated through a graded series of ethanol concentrations, and embedded in Durcupan resin (Sigma-Aldrich). Areas of interest were blocked, cut into 80 nm ultra-thin sections using an Ultracut E microtome (Reichert-Jung, Cambridge, UK), and placed on formvar-coated copper grids. The sections were then viewed with a Tecnai Bio Twin G transmission electron microscope (FEI, Hillsboro, OR), at 80 kV. Digital images were acquired using an XR-60 CCD digital camera system (AMT, Woburn, MA).
Raman measurements on cultured cells
The cells grown on two-well chamber slides were treated with 0.2 µg/mL of Eu-SWCNT for 24 hours. The cells were then washed with PBS, fixed in ice-cold methanol, and imaged using an optical microscope. Single selected cells were subjected to dispersive Raman measurements, by using an excitation laser at 532 nm in a DXR Raman microscope (Thermo Fischer Scientific, Milan, Italy), using a 50× objective. The Raman spectra were obtained for a number of points on the cells. Point-by-point Raman spectra were obtained over an area corresponding with a single selected cell, and then mapped. The G-band intensity of Eu-SWCNT was collected. G-band area maps were constructed and then overlaid with optical images for their localizations.
ICP-OES analysis
To quantify the europium concentration in the cells, approximately 1 × 10 5 cells were treated overnight with Eu-SWCNT at 0.2 µg/mL concentration. The cells were thoroughly washed with PBS, to remove excess Eu-SWCNT from the medium, then centrifuged at 1000 rpm for 5 minutes. The resulting pellets were digested with concentrated nitric acid. The digested residue was used for elemental analysis by inductively coupled plasma (ICP) optical emission spectrometry (OES), using an Optima 5300 ICP-OES spectrometer (Perkin-Elmer, Waltham, MA).
Statistical analysis
Statistical analysis was performed using the paired Student's t-test and one-way analysis of variance. P values less than 0.05 were considered significant. Values are expressed as the mean of three experiments ± standard deviation.
Results and discussion
Emission spectral characteristic of Eu-SWCNT 
Cell viability
It is a prerequisite to use non-toxic dosages when examining the efficacy of Eu-SWCNT as a nanoprobe for cellular imaging. Several groups have reported that well-dispersed SWCNT at concentrations less than 10 µg/mL shows no cytotoxic effect on internalization. [15] [16] [17] [18] An incubation concentration of 0.2 µg/mL of Eu-SWCNT was chosen, submit your manuscript | www.dovepress.com
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and its cytocompatibility assessed with SK-BR-3, MCF-7, and NIH-3T3 cells, using the WST-1 cell proliferation assay. The assay results ( Figure 2 ) clearly indicate that cells treated with 0.2 µg/mL of Eu-SWCNT for up to 48 hours have no cytotoxic effects, and show proliferation characteristics similar to those of the controls (untreated cells). Figure 2 shows representative bright-field and fluorescence confocal images of Eu-SWCNT-treated SK-BR-3 cells. All three cell types (SK-BR-3, MCF-7, and NIH 3T3) showed similar Eu-SWCNT uptake characteristics (data not shown). Based on inductively coupled plasma (ICP) analysis, the average cellular uptake concentration was 6.68 ng Eu/cell. The labeling efficiency, defined as the percentage of Eu-SWCNTlabelled cells, was 95%-100% for all cell types. Figure 3B (Panel II) clearly shows bright red luminescence that is not observed in Figure 3A (Panel II). Furthermore, the overlay of optical and fluorescence images in Figure 3B (Panel III) indicates that some Eu-SWCNTs are internalized by cells, while others are outside cells. Figure 3C shows the confocal images of two cells at 40 x magnification. The images show small aggregates of Eu-SWCNT, inside and outside cells, with bright red luminescence. The confocal images of the Eu-SWCNT-incubated cells show no morphological changes, compared with the controls. This indicates that Eu-SWCNT was non-toxic, at the dosage used in this study, for up to 48 hours, further corroborating the results of the earlier cell proliferation assay. Figure 4 shows representative confocal images of Eu-SWCNT-treated and untreated SK-BR-3 cells, excited at a blue visible wavelength (excitation wavelength = 458 nm). Therefore, images were also acquired at 40× magnification ( Figure 4C ). The overlay of Eu-SWCNT emission and DAPI-stained images ( Figure 4C , Panel IV) shows red emission in a small section of the nucleus. The images indicate that small amounts of Eu-SWCNT enter the nucleus, and are also scattered in the cytoplasm, mostly around the nucleus. Analysis of the confocal images of all three cell types treated with Eu-SWCNT showed similar subcellular localization of Eu-SWCNT, indicating that cytodistribution is not cell-specific. Most Eu-SWCNT that is in loosely-bound, submicron-sized aggregates emits luminescence. Tightly-bound micron-sized aggregates quench luminescence. Our results indicate, qualitatively, that the level of aggregation-induced self-quenching is quite low. However, the luminescence selfquenching caused by aggregation is not unique to Eu-SWCNT, and has been reported for other luminescent probes. 17, [19] [20] [21] The confocal images clearly show that time-resolved, red emission of Eu-SWCNT overcomes the endogenous fluorescence contributed by other cellular biomacromolecules (eg, flavins, nicotinamide adenine dinucleotides, collagens, and porphyrins) in the wavelength range 400-550 nm. 22 The involvement of these endogenous biomolecules in the luminescence-quenching process by direct interaction with Eu-SWCNT cannot be neglected, and needs further investigation. 23 
Fluorescence imaging at visible excitation wavelengths of Eu-SWCNT-treated cells
Ultrastructural cellular localization of Eu-SWCNT
Transmission electron microscopy ( Figure 5 ) and Raman imaging ( Figure 6 ) were performed to confirm the presence and subcellular localization of Eu-SWCNT. Figure 5A 
Dovepress Dovepress
Eu-SWCNT-treated cells show normal cellular morphology, including that of cellular components such as nucleus, nuclear membrane, cytoplasm, vacuole, and mitochondria. Figure 5B and C show that Eu-SWCNT is present in the nucleus as well as the cytoplasm. Figure 5D -F show that Eu-SWCNT is also located in the cytoplasmic vacuoles, which are either endosomes or lysosomes. Endosomes transport molecules within the plasma membrane to lysosomes. 24 Endosomes have heterogeneous morphology, and contain intra-organelle vesicles; their matrix density is lighter than that of the surrounding cytoplasm. Lysosomes are multivesicular, spherical or ovoid, membrane-bound organelles 0.3-0.8 µm in size. They have a granular matrix and contain ribosomes, glycogen particles, lipid droplets, and hydrolytic enzymes, which break down cellular debris. 25 The lysosomal matrix density is similar to that of the surrounding cytoplasm. Figure 5E and F clearly show the presence of Eu-SWCNT in a lysosome, which appears as a dense vesicular structure, and in an endosome, which appears as a light vesicular structure. Figure 5F suggests that Eu-SWCNT is transferred from endosomal structures and fused into membranous, granular lysosomal structures. This phenomenon is observed for the The sub-cellular localization of Eu-SWCNT is similar to that observed in previous reports of SWCNT. 17 The mechanism of entry of Eu-SWCNT into the nucleus needs further investigation; reports by various groups have shown that SWCNT, functionalized with peptides, radiolabels, or DNA/ RNA, could enter the nucleus.
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Confocal Raman microscopy of cells treated with Eu-SWCNT
The internalization of Eu-SWCNT into cells was further corroborated by confocal Raman microscopy. Figure 6A shows an optical image of SK-BR-3 cells treated with Eu-SWCNT. Raman spectra were obtained from a few selected points inside and outside the cell, as shown in Figure 6B . Only the region within the cell shows the Raman peak characteristics of Eu-SWCNT ( Figure 6C ). The peaks include a strong G-band at 1589 cm −1 , a weak D-band at 1306 cm −1 , and radial breathing modes between 200 and 300 cm −1 , indicating the presence of Eu-SWCNT. Figure 6D shows a raster image of a cell that provided a Raman map of an area containing Eu-SWCNT, focusing on the G-band peak. The peak at 1589 cm −1 is the tangential Raman mode, characteristic of graphitic structure. The area map shows the regions of elevated G-band Raman intensity corresponding to Eu-SWCNT incorporation into cytoplasmic vesicles. Figure 6E shows the overlay of the Raman G-band intensity map ( Figure 6D ) on the optical image, confirming the presence of Eu-SWCNT within the cells.
Cellular uptake mechanism of Eu-SWCNT
Experiments were performed to investigate the cellular uptake mechanisms of Eu-SWCNT. Previous studies have shown that cells can uptake SWCNT either by energy-independent or energy-dependent pathways (endocytosis). 16, 30 It is well known that endocytosis -a general uptake mechanism for most extracellular substances -is an energy-dependent 
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Dovepress mechanism, and is hindered when experiments are carried out at 4°C, or in ATP-depleted conditions. Confocal fluorescence microscopy ( Figure 7 ) and TEM ( Figure 8 ) images were obtained from SK-BR-3, MCF-7, and NIH 3T3 cells that had been treated with Eu-SWCNT at 4°C, or in an ATPdepleted environment. The confocal images were analyzed for red emission after excitation in the visible range (excitation wavelength = 458 nm).
As seen in figure 7 , cellular incubations with Eu-SWCNT that were carried out at 4°C showed red emission, albeit at low levels compared to the experiments performed at 37°C. The total intensity (Panel II), a direct indicator of internalized Eu-SWCNT, varied among the different cell lines. The studies performed after ATP depletion (data not shown) showed similar results, suggesting that an energydependent mechanism is mainly involved in the cellular internalization of Eu-SWCNT. Our results are consistent with earlier studies, which showed that the energy-dependent pathway (endocytosis) is the preferred process for cellular internalization of sub-micron-sized (,1 µm) SWCNT, 31 but are contrary to those of Panterotto et al, 32 where SWCNT uptake was through an energy-independent, non-endocytotic mechanism. Recently, a systematic study, carried out on a variety of emissive lanthanide complexes, suggested that the most common internalization pathway is through the process of endocytosis. 7 Figure 8 shows representative TEM images of the SK-BR-3 cells incubated with Eu-SWCNT for the cellular uptake mechanism studies discussed above. The images ( Figure 8A and B) clearly show greater amounts of cellularinternalized Eu-SWCNT (NT-E) in the endocytotic vesicles, at standard culture conditions of 37°C. Only small quantities of Eu-SWCNT are internalized into the cells when the temperature is reduced to 4°C (Figure 8C and D) , or under ATP depletion conditions ( Figure 8E ), which prevent endocytosis, limiting the internalization of Eu-SWCNT. The TEM results indicate endocytosis-mediated uptake of Eu-SWCNT nanoprobes, corroborating the confocal luminescence results.
A variety of optical probes, such as organic dyes, quantum dots, semi-conducting SWCNT, and lanthanoid complexes have been used for cellular imaging. good quantum yield. 3, 35 Lanthanoid-based optical probes with UV excitation wavelengths (300-325 nm) have been widely used for time-resolved luminescence immunoassays, and to assay intracellular components, such as DNA and enzymes. 1, [36] [37] [38] Cellular imaging requires the lanthanoid optical probes to excite at visible wavelengths (.360 nm), to avoid UV damage to the cells. Few studies in the last four decades have systematically investigated their suitability for the imaging of live or fixed cells, [4] [5] [6] [7] [8] 39 In these studies, cells labelled with lanthanoids, coordinated with different chelate molecules (eg, aminocarboxylates, hydroquinolinates, hydroxyisophthalamide, β-diketonates tetraazatriphenylene, thiaxanthones, and heptadentate macrocyclics) have been excited at visible wavelengths of up to 410 nm, for cellular imaging. These optical probes show variable concentrationdependent cytotoxicity, and differential accumulation in various subcellular compartments. 1, 22, 39, 40 In the present study, cellular imaging was achieved with a standard luminescence confocal microscope, not only at 365 nm but also at 458 nm excitation wavelength; a greater than 48 nm red-shift in the excitation wavelength compared to lanthanoid-chelate probes. The results indicate that Eu-SWCNT is internalized into the cytoplasm and localizes into the cellular vacuoles by the process of endocytosis. From these investigations, it is difficult to comment on the minimum amount of Eu-SWCNT required to efficiently label cells to obtain detectable luminescence. Additional studies are required to obtain this information. The intense time-gated red luminescence of Eu-SWCNT, observed in and around the cells, provides high contrast with no interference from background autofluorescence. The results also show localized intracellular red emission regions, due to Eu-SWCNT, when it is distributed as sub-micron-sized aggregates. Eu-SWCNT may overcome the limitations of semi-conducting SWCNT, which exihibit near-to-mid photoluminescence, such as low emission efficiency, and broadening and reduction of emission intensity due to aggregation. (at least) 458 nm. The SWCNT-sensitized red luminescence emission from Eu 3+ is very stable, and the bright intensity is retained at 24 hours post-incubation in various cell lines. Luminescence of Eu-SWCNT in cells can easily be detected by standard confocal luminescence microscopy, and its internalization and presence has been corroborated by Raman and transmission electron microscopy. Eu-SWCNT is uptaken by cells primarily through an endocytosis mechanism. Since the Eu 3+ emission at 619 nm is sensitive to the surrounding physiological environment, Eu-SWCNT could be developed as a probe to obtain information about cell physiology (eg, pH changes). 36 The ability to functionalize biomolecules on the exterior surface of Eu-SWCNT makes it an excellent candidate for cellular targeting. Eu-SWCNT shows potential as an optical probe for targeted functional cellular imaging.
